Abstract The effect of salinity on cell turgor, plasma membrane permeability and cell wall elasticity has been measured in petioles of an aspen hybrid using the cell pressure probe. Control plants were grown in soil without the addition of NaCl and treated plants were grown in soil with 50 mM of NaCl for 1, 2, 3 and 4 weeks. In parenchyma cells from Populus tremula 9 tremuloides petioles with an increased level of NaCl in the soil: (a) turgor pressure was reduced after 1 week of treatment but afterward it was similar to untreated plants, (b) the value of elastic modulus of the cell walls increased, and (c) hydraulic conductivity of the plasma membrane of treated plants decreased in comparison to untreated ones. No histological differences and distribution of JIM5 antibody between the petioles of plants grown under salinity and the untreated were found. In cell walls of parenchyma and collenchyma from plants grown under salinity, the presence of pectic epitopes recognized by JIM7 antibodies was increased in comparison to the control plants. The obtained results indicate that under salt stress the permeability of water through plasma membrane is disturbed, cell walls became more rigid but the turgor pressure did not change.
Introduction
Salt stress is one of the major abiotic stress factors that affect growth of plants worldwide. High salinity influences plants on every stage of their development and injurious effect is dependent on species, its age and interactions with other environmental factors (Munns and Tester 2008; Wrochna et al. 2006; Zhu 2002) . In most saline environments, sodium chloride is the main salt compound that inhibits cell division and expansion. Too high concentrations of chloride and sodium ions in soil cause reduction of water available for plants in the first phase of salt stress (Yeo et al. 1991 ). This stage is caused by the increased osmotic forces that retain water in the soil solution and cause reduction of water potential in the soil. Related to these changes, reduced water absorption by plants causes reduction in turgor pressure and inhibition of cell elongation (Hock and Elstner 2004) . Salt stress also causes great changes in ion balance induced by reduced K ? , Ca 2? , and NO 3 -uptake from the soil (Niu et al. 1995) . Furthermore, sodium ions are competing for binding sites in the root cells with potassium ions, whereas calcium ions are removed due to the ion exchange which results in their deficit in a plant (Cramer and Läuchli 1986) . Sodium chloride also causes ionic stress that is related to ion balance in every single cell in the plant body (Hasegawa et al. 2000) .
The influence of salinity on plant cell ultrastructure, physiology and expression of genes is well documented, but the influence of salt stress on the cell wall is still not fully understood. The cell wall is a dynamic organellum that changes under the influence of different stimuli, both from the outer and inner environment, which affect the fate of the cells, tissues and even whole organisms. In previous studies, the effect of salt stress on plant cell wall displayed very important changes in its structure and composition. High salinity caused both quantitative and qualitative modifications of the cell wall components. It was shown that salt stress causes changes in hemicelluloses, cellulose (Zhong and Laüchli 1993) and pectin content in the cell walls (McCann et al. 1994) . Cell wall protein content including arabinogalactan proteins also depends on salinity (Lamport et al. 2006) . All these chemical changes can have influence on physical properties of plant cell walls, which are considered to be one of the most important physiological mechanisms of plant adapting to water stress (Martínez et al. 2007) . One of the parameters describing physical properties of the cell wall is elastic modulus, the increase of which would contribute to maintain the cell turgor pressure and cell volume during the salt stress, but unfortunately there are only a few reports on direct effect of salt stress on elastic modulus of a single plant cell wall (Azaizeh et al. 1992; Bastías et al. 2004) . One of these is the study carried out on seedlings of monocot, Zea mays where values of elastic modulus ranged between 0.8 and 2 MPa in control and 0.8 and 3.6 MPa in cells from salt-stressed plants, so there was no significant change in this parameter between control plants and those treated with salt (Azaizeh et al. 1992) . The information about the influence of long-lasting salt stress on dicotyledones, especially perennial plants is still scarce. Other studies on the impact of salt stress on physical properties of cell walls restrain to bulk elastic moduli which are mean values for all cells in the tissues (Pérez-López et al. 2010) . Information about the influence of salinity on the properties of individual cell walls is still lacking.
Sodium and chloride ions also cause changes in interactions of water particles which affect their interactions with proteins and can affect the activity of aquaporins (Chrispeels and Maurel 1994) . Proper functioning of water channels can be easily disturbed by abiotic stress factors like low temperature (Lee et al. 2004) , heavy metals (Przedpełska et al. 2008) , drought and oxygen deprivation (Tournaire-Roux et al. 2003) . Studies carried out on algae Valonia showed that also turgor and osmotic pressure influenced hydraulic conductivity of plasma membrane (Dainty and Ginzburg 1964) . All these factors can regulate the activity of aquaporins on the stage of transcription, translation or by the displacement of water channels in the cell membranes or finally by the reversible phosphorylation of these proteins (Boursiac et al. 2005) . The best parameter which describes the activity of water channels in the plant cell membranes is hydraulic conductivity of plasma membrane. Unfortunately, there are only a few reports describing the direct influence of salt stress on the functional state of aquaporins. They include researches carried out on maize, which showed significant reduction in water movement through the plasma membrane in the salt stress conditions (Azaizeh et al. 1992) .
Populus species (and hybrids), including poplar and natural salt tolerant Populus euphratica, are the model tree plants, and a lot of information about the influence of different stressors on their biochemistry, physiology, genetics, including molecular level are available (Chen et al. 2001; Han et al. 2013; Ma et al. 2002; Fischer and Polle 2010) . Unfortunately, little is known about the influence of salt stress on this model woody plant on the single cell level in the aspect of physical properties of the plasma membrane and cell wall.
The objective of the present study was to evaluate the changes in cell turgor, hydraulic conductivity of plasma membrane and elastic modulus of the cell walls of parenchyma cells from leaf petiole of aspen hybrid in control plants and plants watered with 50 mM solution of sodium chloride, to answer the question if there is any relationship between salt stress and physical properties of plasma membrane and cell wall. Moreover, the histology of leaf petiole and distribution of pectic epitopes recognised by JIM5 and JIM7 antibodies within the cell walls in control and treated plants were also investigated.
Materials and methods

Plant material and growth conditions
Production of sprout stems from the roots was carried out as follow, fragments of roots were transported to boxes filled with moist soil and grown in a growth chamber at 22°C and 18 h light/6 h dark photoperiod (such a photoperiod was necessary to obtain the sprout stems), irradiance of 40 lmol m -2 s -1 and 80 % of relative humidity. The soil was kept moist with demineralized water supplied with chloride-free fertilizer (1 g/1 L Kristalon TM Green, YARA International; dissolved also in demineralized water). All measurements were performed on 8-month-old sprout stems during the two consecutive seasons, the year 2008 and 2009 and in the same laboratory. Sprout stems watered only with fertilizer made up the control group of plants, and were watered twice a week. Sprout stems treated up to 4 weeks with 50 mM solution of sodium chloride (selection of 50 mM NaCl was based on preliminary experiments, where the influence of 50, 100 and 150 mM NaCl solutions on plants was compared and showed that 100 and 150 mM caused serious injuries to the stems) made up the salt-stressed group and were once a week watered with water supplemented with fertilizer and once a week with NaCl dissolved in demineralized water. In all cases, the amount of water/solution supplied to the pots was the same (200 ml).
Petioles used directly in measurements were cut from 8-month-old sprout stems. All the investigated petioles were carefully derived from leaves that were almost at the same age (it was a leaf after which 12-16 new leaves were developed), so they were at the same stage of development during all the measurements. Cutting off petioles was each time conducted in the presence of water to prevent drying of injured tissues.
The tissue cell pressure probe (TCPP)
Turgor pressure in a single cortical cell of poplar petiole, hydraulic conductivity of plasma membrane and elastic modulus of the cell wall were measured by TCPP for higher plant cells (Steudle 1993) .
The TCPP consists of the pressure chamber connected to the borosilicate glass microcapillary (with diameter about 10 lm, pulled into a fine point with an L/M-3P-A ListMedical Electronic Pipette Puller) and to the pressure transducer. The whole system is filled with silicone oil (relatively incompressible liquid that does not mix with the cell sap and creates a very good environment for pressure transducer to work properly). The volume and the pressure in chamber are regulated by means of a metal rod in the chamber connected to the micrometer screw. Detailed and excellent technical information on the use of the modern cell pressure probe are already published (Steudle 1993; Tomos and Leigh 1999) .
The microcapillary can be inserted into the cell only with the aid of micromanipulator. Because of miniaturization of TCPP, the working station has to be supplied with high powered stereomicroscope and supplementary source of light to observe the meniscus in small capillary tip.
The measurements
Leaves with petioles were mounted on metal holder by plasticine to avoid movements of the petiole. The standard (pH = 7.2) phosphate saline buffer (PBS) ran along the leaf with petiole using the circulating system kept by a peristaltic pump. A single cortical cell from the abaxial side of the petiole (about 1-2 cm from the stem) was punctured by oil-filled (silicone oil AS 4, Fluka, catalog No. 10833) microcapillary under the stereomicroscope (Olympus SZX9) with the aid of a micromanipulator (Leica). After insertion of microcapillary into the cell, the cell sap entered the microcapillary and the cell sap/silicone oil meniscus was formed. The position of the meniscus was controlled by a piston modifying the volume of the system. Afterward the meniscus was gently adjusted to a position close to the cell by means of a motor to restore the sap volume close to the natural cell volume. The pressure was being increased via movement of the steel piston, so that the sap/oil meniscus was brought back to the surface of the cell. The pressure measured in the system at this point was equal to the turgor pressure of the cell prior to probe insertion (Steudle 1993) .
By quick change of the cell volume (and according to this change-the change of cell turgor pressure) with the aid of the TCPP, the elastic modulus (e; which characterizes rigidity of cell wall) of individual cell was determined and calculated from (Eq. 1):
where V is the cell volume and P is the turgor pressure of this cell. The elastic modulus represented the change in turgor pressure (DP) of the cell caused by a change of the cell volume (DV). The change in the cell volume (DV) was calculated from the movement of the meniscus in the capillary and from the capillary inner diameter. To evaluate e, the cell volume (V) was determined from the dimensions of the cells according to the previously described method (Meshcheryakov et al. 1992 ). The cell diameter and its length were measured from the cross and longitudinal sections of the petioles (n = 100 cells for each experimental group). The higher the values of e were obtained, the more the rigid cell walls were.
The hydraulic conductivity (L p ) was calculated according to Eq. 2:
where A is the cell area, T 1/2 is a half-time of water exchange through the plasma membrane and p i is the osmotic pressure of the cell. The L p was measured for control plants and plants treated with NaCl for 1 and 2 weeks.
The half-times of the water exchange were evaluated after adjustment of meniscus into a new position in capillary which corresponded to the changes in the turgor pressure. After such a shift, turgor pressure was changing exponentially with time and was approaching a new steady-state value. From these pressure-relaxation curves, half-times of water exchange through the plasma membrane were evaluated (Steudle 1993) . All pressure changes with elastic moduli and half-times, detected by pressure transducer, were recorded by computer using Pfloek program (developed by Prof. Ernst Steudle and coworkers, University of Bayreuth, Germany; 1995). This program also had another advantage-it enabled quick evaluation of the elastic moduli and half-times.
All the described measurements were repeated at least three times on each cell in the same laboratory room (n = 15 cells). The measurements were performed on petioles from all used for experiments plants (both control and treated with the NaCl). Statistical analysis was performed with the use of v 2 test (Chi-square test at p B 0.05) and comparison of data was performed between control and each time point of the salt treatment for each measured parameter. Presented results on Figs. 1, 2, 3 and 4 show only one bar for the control due to no differences in obtained values for control petioles in successive weeks, but measurements were performed in each time point of saline treatments.
Histology of petioles
Small fragments (approximately 2-3 mm) of petioles from each experimental group were fixed in 2.5 % glutaraldehyde in phosphate buffer at pH = 7.2, dehydrated in acetone series, embedded in Epon 812 resin (SigmaAldrich; Catalog No. 45345; and polymerized. After polymerization, samples were cut into a series of 5 lm thick sections with the aid of microtome (Tesla BS 490A) and attached to glass slides on Haupt's adhesive. Afterward the sections were stained with PAS ? toluidine blue, mounted with Euparal and analyzed in light microscope Olympus BX-41 equipped with a photo camera Olympus C-3040. (Polysciences, Catalog No. 17411; . Afterward samples were cut with the aid of ultramicrotome (Leica EM UC6) into a semi-thin sections 1 lm thick and transferred on glass slides covered with poly-L-lysine (Polysciences, Catalog No. 22247-1; . Sections were immunolabeled overnight at 4°C with JIM5 or JIM7 antibodies, next they were kept for 2 h at room temperature with another antibody conjugated with cyanine (both JIM5 and JIM7 were conjugated with cyanine dyes'), mounted in Gel-Mount (Sigma-Aldrich, Catalog No. G0918; 2007) and investigated with an epifluorescence microscope (Olympus BX-41 equipped with a photo camera Olympus C-3040).
Results
Histology and cell volume of parenchyma cells of Populus tremula 9 tremuloides petioles Petioles of Aspen hybrid were flattened and covered by epidermis (Fig. 5) . Under epidermis 5-6 layers of collenchyma were present. Xylem and sclerenchyma were located almost in the middle of the petiole and they were broken up into a number of slender strands around which parenchyma cells were located (Fig. 5) . In general, no differences between the control and the treated plants in the histology of petioles were noticed. The only differences were the lowered diameter of petioles (however, statistical analysis was not performed) in salt-stressed plants and numerous intercellular spaces between parenchyma cells in the control plants which were not present in the plants treated with NaCl for 4 weeks.
An average diameter and length of the cortical cell from abaxial side of the petiole was determined by analysis of histological sections according to the previously described method (Mescheryakov et al. 1992) . These dimensions were necessary to evaluate the cell volume. The cells from control plants had the largest average value both of the diameter and the length (Fig. 1) . The differences between these cells and those treated with NaCl were not statistically significant, but a clear tendency to decrease in cell size in the plants treated with sodium chloride for weeks in comparison to the control plants is visible (Figs. 1, 5) .
The average volume of the cortical cells found at abaxial side of the petiole was 10 -13 m 3 . The volume of cells treated with 50 mM NaCl for 1, 2, 3 and 4 weeks was: 0.98 9 10 -13 , 1.38 9 10 -13 , 1.18 9 10 -13 and 1.16 9 10 -13 m 3 , respectively. 
Cell wall elasticity
Elastic modulus (e) measured for cells from the control plants ranged between 5.269 and 6.297 MPa with the average value of 5.940 MPa (±0.231, n = 15 cells, Fig. 3) . The values of e measured for plants treated with NaCl for 1 week ranged between 7.639 and 8.767 MPa with an average value of 7.989 MPa (±0.354, Fig. 3 ). The obtained differences in values of e for these two groups of plants were statistically significant (v 2 test, p B 0.05). After 2 weeks of treatment with stressing factor, elastic modulus varied between 7.448 and 8.701 MPa and the Fig. 3 ). After 3 weeks of salt stress, the value of elastic modulus ranged between 7.698 and 8.417 MPa with an average value of 7.792 MPa (±0.274, Fig. 3 ). Comparable data were obtained for plants treated with NaCl for 4 weeks. Namely, the values of elastic modulus ranged between 7.766 and 8.769 MPa with average value for this group equal to 8.176 MPa (±0.262, Fig. 3 ).
Hydraulic conductivity of plasma membrane
Hydraulic conductivity in the cells from the control plants was rather high and equal to 1.12 9 10 -6 m MPa -1 s -1 (Fig. 4) . After a period of treatment with sodium chloride, the plants' L p reduced drastically (Fig. 4) . Namely, the average value of hydraulic conductivity after 1 week of treatment with NaCl was 0.2 9 10 -6 and 0.25 9 10 -6 m MPa -1 s -1 after 2 weeks (Fig. 4) . Differences between control plants and plants treated with NaCl for 1 and 2 weeks were statistically significant (v 2 test, p B 0.05).
Hydraulic conductivity in our experiment was not possible to measure during longer period of time up to 4 weeks, but if we extrapolate obtained results we get values as follow: 0.23 9 10 -6 m MPa -1 s -1 after 3 weeks and 0.25 9 10 -6 m MPa -1 s -1 after 4 weeks of salt stress. This indicates that the L p is still lower in comparison to the control plant. Values obtained after extrapolation are similar to experimental values which were obtained for Arabidopsis (not published data) and also these values were lower.
Immunohistochemical localization of pectic epitopes recognised by JIM5 and JIM7 antibodies
In control plants, distribution of pectins recognised by JIM5 (low methylated pectins) antibody was rather regular within the cell wall except more intensive fluorescence in the middle lamella both in collenchyma and parenchyma cell walls (Fig. 61A, 3A) . After 4 weeks of salt stress, epitopes recognized by JIM5 antibody were distributed quite regularly in the collenchyma and parenchyma cell walls and less visible in the middle lamella (Fig. 62A, 4A ) in comparison to control plants.
Distribution of pectic epitope recognised by JIM7 (high methylated pectins) antibody in control plants was not regular within the cell walls of collenchyma (Fig. 61B ). There were many spaces in younger layers of collenchyma walls without any fluorescence (Fig. 61B) . The highest concentration of the epitopes recognized by JIM7 antibody was in the middle lamella (Fig. 61B) . In the case of parenchyma walls these differences were not so visible, probably because of the wall thickness (Fig. 63B) . In the salt-stressed plants after 4 weeks of treatment, the number of epitopes recognized by JIM7 in the youngest parts of collenchyma cell wall increased in comparison to control plants (Fig. 62B ). In the case of parenchyma cells the most important differences between the control and stressed plants were presence of pectic epitopes recognised by JIM7 antibody within the cytoplasm (Fig. 63B, 4B ).
Discussion and conclusions
Presented study was carried out to evaluate the changes in cell turgor, hydraulic conductivity of plasma membrane and elastic modulus of the cell walls of parenchyma cells from leaf petiole of aspen hybrid in control and saltstressed plants to answer the question if salinity influences physical properties of plasma membrane and cell wall at the individual cell level. The obtained results showed that in parenchyma cells from petioles with an increased level of NaCl in the soil: (a) turgor pressure was reduced after 1 week of treatment but afterward it was similar to untreated plants, (b) the value of elastic modulus of the cell walls increased, and (c) hydraulic conductivity of the plasma membrane of treated plants decreased in comparison to untreated ones. Analysis of the distribution within the cell walls of pectic epitopes recognised by JIM5 and JIM7 antibodies in control and salt-treated plants showed that in plants grown under salinity the presence of pectic epitopes recognized by JIM7 antibodies (which binds to methyl-esterified residues with adjacent or flanking unesterified GalA residues; Clausen et al. 2003) was increased in comparison to the control plants.
From many studies it is known that salt stress causes the reduction of plant growth (Munns and Tester 2008; Wrochna et al. 2006; Zhu 2002) . In our studies we observed a subtle tendency to decrease the dimension of petiole parenchyma. It is postulated that efficient osmoregulation in leaves permits a drastic growth decrease and develops sufficient mechanical pressure for cell enlargement (Terry et al. 1983) . We also observed a subtle decrease in petiole dimensions, but no histological differences between petioles of plants grown under salt stress and the controls were found apart from intercellular spaces similar to those observed in salt-stressed Spinacia oleracea leaves (Delfine et al. 1998) . Authors concluded that in this case reduction of the intercellular spaces in the mesophyll tissue of salt-stressed plants could have caused a more tortuous path for CO 2 directed toward the chloroplast and may be a cause of reduction of photosynthesis Delfine et al. (1998) .
Many studies were performed on different plants including Populus euphratica, a natural salt tolerant plant of Populus genus, to explain the mechanism of salt tolerance in plants (Chen et al. 2001; Ma et al. 2002) . Despite the increase in our knowledge about the changes which are taking place in plants under salt stress, still the mechanism is not completely understood especially on the cellular level (Lerner 1985; Molassiotis et al. 2006 ). According to our knowledge the results presented in this paper are the only ones describing the effect of salinity on the individual cells of aboveground parts of plant body in term of parameters controlling the movement of water across the plasma membrane and cell wall rigidity. The obtained results showed that the turgor pressure of cells from the plants treated with sodium chloride was almost twofold lower after 1 week of treatment in comparison to the control plants. The loss of turgor by cells under salinity was shown for some plants (Rygol and Zimmermann 1990) . The decrease of the turgor after 1 week of salt treatment observed in these studies is comparable to the results obtained for the leaves of Asteriscus mauritimus (Rodrí-guez et al. 2005) or Brassica species (Singh et al. 2010) , where the cell turgor pressure decreased after the treatment with sodium chloride. Lowering of the cell turgor pressure under salinity is probably caused by lower osmotic potential of salinized soil which leads to water decreasing in plant tissues. As long as the cell growth is correlated by turgor pressure in growing tissues, a low value of turgor is the main reason for the growth inhibition (Hock and Elstner 2004) . The turgor is not always affected by salinity what was shown for Oryza sativa leaves (Yeo et al. 1991) . The treatment of aspen hybrid with sodium chloride for longer time resulted in the ''recovery'' of turgor pressure of the stressed cells, and at the end of the experiments its value was comparable to that of the cells from the control plants. Such a reaction of plant to salinity can be interpreted as an adaptation to that kind of stress. It is difficult to compare the obtained results with literature as there is no information about the relationship between individual cell turgor pressure and salt stress. However, some information about general mechanisms of plant adaptation to salinity, including synthesis of some new proteins, amino acids, ion compartmentalization within the cell, is available (Mazel et al. 2004) . It is postulated that in order to overcome the salinity stress plants developed at least two mechanisms: (1) salt is taken up by the cell and used as a major osmoticum, and (2) cell pumping out most of the salt that diffuses in, and osmotic stress is relieved by accumulation of organic solutes to maintain turgor (Lerner 1985) . Which of these mechanisms operate in the case of aspen needs further studies.
Cell wall extensibility and cell turgor are two main features on which plant growth depends. It was shown that water potential and hydraulic conductivity of root are changed under salt stress impending water uptake by plants (Bolaños and Longstreth 1984) . It was postulated that cell wall elasticity decreased under the salinity which allows the cell to maintain turgor or cell volume in response to water stress (Bolaños and Longstreth 1984) . The observed in these studies increase (in comparison to control plants) of elastic modulus of walls from cells of plants grown under saline stress was visible already after 1 week of treatment and did not change during the experiment. The elastic modulus is a parameter which characterizes the wall rigidity--the higher is this value the less flexible is a cell wall (Steudle et al. 1977) . It is possible that the increase of elastic modulus of cell walls is a reaction of plant to the growth in salinized soil and it is a kind of adaptation mechanism of plants to the growth under such a stress. It was observed that plant cell walls contract during osmotic dehydration (Marshall et al. 1999) . It is postulated that cell wall can elastically constrict around a protoplast to regulate pressure and it is proposed as a mechanism explaining maintenance of turgor in shrunken tissues (Marshall et al. 1999) . It is possible that the described in presented paper lowering of cell walls plasticity is necessary to maintain the turgor pressure at the proper level. Elastic alternation of cell wall permitted the root cells of Pinus banksiana to maintain the full turgor despite the loss of most water in the tissue (Marshall et al. 1999) . The decrease of the cell wall elasticity (measured for the whole tissue) was detected in water stress experiments conducted on Spartina alterniflora (Hessini et al. 2009 ), Olea europaea (Dichio et al. 2003) and Vitis vanifera (Schulz and Matthews 1993) . It must be noted that the information available in the literature concerns cell wall elasticity with regard to the whole tissue and not to an individual cell. According to Dichio et al. (2003) high values of elastic modulus favor drought avoidance by stomatal control of transpiration for relatively small water losses and are beneficial when there is limited water (Dichio et al. 2003) . Moreover, it is postulated that high values of elastic modulus and low values of osmotic potential are responsible for high water potential gradients between leaves and the soil and they facilitate water extraction from the soil (Dichio et al. 2003) .
A cell wall is the place in the plant body where the response to environment is visible. The elasticity and plasticity of a cell depend on the composition and structure of the cell wall. It is known that salt stress causes reduction in the cell growth and suppresses the expression of genes involved in the loosening of plant cell walls (Ma and Bohnert 2007) . It was suggested that the cell wall restructuring is a general adaptive mechanism during salinity stress in which activation of genes is changed (Ma and Bohnert 2007) . Therefore, the changes in wall elasticity observed in this paper support the above mentioned hypothesis. The increase of highly methylated pectins that bind calcium ions and water less than low methyl-esterified pectins, which we observed in our studies, suggests that a cell wall is becoming more dehydrated during salt stress and supports the fact that there is decreased availability of water molecules in the plant during the salt stress. Pectin polysaccharides are also believed to play an important role in cell adhesion and tissue cohesion (McCartney and Knox 2002) , which would be very important in plants that live in saline environments for adaptation to the stress.
Hydraulic conductivity of plasma membranes of cells from control plants was rather high and comparable to the results obtained for cortex of Pisum sativum (Cosgrove and Cleland 1983) and Glycine max (Steudle and Boyer 1985) hypocotyls, indicating that petiole cortex is a good water path for the cells located beneath epidermis. After 2 weeks of salt treatment hydraulic conductivity of cells was lower in comparison to the cells from the control plants. Low L p means that water permeability through plasma membrane is reduced. A similar reduction of L p was obtained for maize root cells (Azaizeh et al. 1992) , melon root cells (Carvajal et al. 2000) and Arabidopsis thaliana (unpublished data). For some herbaceous plants it was shown that under salt stress, comparable in concentration to those used in the presented studies, root L p was lowered which is interpreted as follows, the decrease of root L p allows a higher transpiration rate, and together with higher CO 2 assimilation rate plants reveal significant improvement under salinity stress (Sade et al. 2010) . Decreasing of root L p under salt stress was also noticed for some plants b Fig. 6 Distribution of pectic epitopes recognized by JIM5 and JIM7 antibodies on the longitudinal sections of poplar petiole in control and salt-stressed plants. 1A JIM5 epitopes in control collenchyma cells; 1B JIM7 epitopes in control collenchyma cells; 2A JIM5 epitopes in collenchyma cells after 4 weeks of salt stress; 2B JIM7 epitopes in collenchyma cells after 4 weeks of exposure to salt stress; 3A JIM5 epitopes in control parenchyma cells; 3B JIM 7 epitopes in control parenchyma cells; 4A JIM5 epitopes in parenchyma cells after 4 weeks of salt stress; 4B JIM7 epitopes in parenchyma cells after 4 weeks of salt stress; bar = 25 lm; arrowheads point to cytoplasmic presence of pectic epitopes; arrows point to cell wall with a presence of analyzed pectic epitopes (Lopez-Berenguer et al. 2006) . Root hydraulic conductivity can be also downregulated by water deficit (North et al. 2004) . Reduction in hydraulic conductivity undoubtedly represents stress-induced regulation of water transport in plants. It is believed that the increased osmotic pressure in the cell and in the apoplast surrounding protoplasts causes negative pressures in the pores of water channels that are affecting hydraulic conductivity (Ye et al. 2004 ). Reduction of hydraulic conductivity can be also considered as another aspect of adaptation to salt stress. We postulated that since water potential in soil is lowered, the reduction in hydraulic conductivity can facilitate retention of water in the cell and maintain turgor pressure. However, more experiments are needed to be performed to check how L p of petiole cells changes during longer period of salinity at least as long as other measured parameters.
On the basis of the obtained results it can be concluded that salt stress increases the rigidity of plant cell walls and decreases the permeability of water through plasmalemma and does not influence the turgor. Changes in the cell wall flexibility might be one of the mechanisms of plant adaptation to the environmental stresses.
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